Abstract Due to the demand for accurate, reliable and [6] and (1) was revised to:
pH =-10[ 30] (2) to be investigated for this purpose are the semiconducting metal oxides. This work uses titanium monoxide thick films in conjunction with an interdigitated electrode pattern to produce a An important area of pH measurement is in medicine. conductimetric pH sensor. Its advantages over other methods The pH of bodily fluids is of great significance to the health of include simpler construction and it is more economical. a patient. For example, the pH of human blood is rigidly
It was noted that upon contact with a solution, the resistance maintained in the pH range of 7.35 -7.45 [7] . Any variation in of the film increases. No meaningful relationship was observed between the resistance and pH for these devices. When a DC bias theb d canesulthi sou medical compca and is applied to the device, a linear decrease was recorded in the in extreme cases, death. Also, the pH of stomach acid relative changes in current through the device and conductance (maintained at a pH of approximately 1) is of great importance of the film against increasing pH values. Low frequency AC to a persons overall health. It is therefore of extreme signals also produce a similar response. However, a slow importance that the pH of these fluids be measured accurately response time and poor repeatability were also observed.
and quickly.
Medical pH sensors produce certain demands not met by Index Terms-Thick Film, pH, Metal Oxide, Sensors. some of the more common methods of pH measurement. As long as a sample can be analysed in vitro, then the standard methods can be applied. If, however, in vivo analysis needs to I. INTRODUCTION be undertaken, then a sensor with certain properties needs to MVrETAL oxides have been widely reported as having be provided. For example, the sensor needs to be small, sensitivity to the pH of solutions, many of which have rugged and constructed of non-toxic materials. An example of been employed in potentiometric pH sensors [1] [2] [3] [4] [5] . This such a sensor is the BRAVOTM pH monitoring system type of sensor utilizes a standard reference electrode developed by Medtronic [8, 9] . This is a wireless diagnostic (Ag/AgCl) and a working electrode, fabricated using the capsule, which monitors the pH in the gastro-intestinal (GI) chosen metal oxide. The pH of the test solution creates an tract. The sensors in this device are encapsulated and the open circuit potential between these two electrodes, as the solution to be tested is allowed penetrate the outer layer and ions (hydrogen) interact with the oxide. contact the sensor. The overall dimensions of this device are 6 The pH of a solution is a measure of the activity of mm x 5.5 mm x 25 mm, which, however, may still prove too hydronium ions [H30+] in the solution [6] . The original large for certain applications, such as in vivo blood pH definition for pH was given as the concentration of hydrogen measurements. Also, the pH range of this device is limited to ions in a solution. The formula for this can be seen in (1) . the acidic region (pH2-7) and thus does not function at pH higher than pH7. This is also unacceptable for wider pH =-log CH (1) biomedical use outside the GI tract.
There are many different methods of pH measurement. The most common pH sensor used in labs today is the glass where CH represents the hydrogen ion concentration in theyg solution.~~~~~~~~~~~electrode. Glass electrodes operate over a wide range of pH solutlon.~~~~~~~~~~~b ut suffer from a number of drawbacks. They are rather large This formula was later revised as it was realised that all focetiaplainsndanrveobeqtergl.
These devices also need to be kept in a storage solution, novel ideais basedonthe standardmetal oxide semiconductor After the temperature cycling has been completed, the field effect transistor (MOSFET), with one significant devices are ready for the pH sensitive metal oxide film difference. Instead of a standard gate, a reference electrode is deposition. The metal oxide is obtained in powder form (TiO employed. An open circuit potential is generated between the from Alfa Aeser). The thick film paste required for deposition gate and the gate oxide material, upon contact with a solution. is obtained by mixing the required mass of metal oxide This potential is proportional to the pH of the test solution. powder with 7 wt.% polyvinyl butyral (PVB) (acts as binder) Many researchers have published work in this area and the and a suitable amount of ethyleneglycolmonobutyalether number of papers in this area continues to grow.
(solvent). This paste is then screen-printed onto the electrodes
The pH sensing approach used in this work is known as the as before. The device is then placed into the first oven at 80°C conductimetric approach. An interdigitated electrode (IDE) for 1.5 hours to facilitate solvent evapouration. Once out of structure is first deposited onto an insulating substrate, after the oven, link wires can be soldered to the bond pads and the which a metal oxide film is deposited over the IDE pattern. devices are ready for testing. The basic sensor structure can be seen in Fig. 1 .
The IDE structure in this work has electrodes of width 0. 
III. RESULTS AND DISCUSSION
The response of the conductance of TiO thick films to pH is 7 investigated. A suitable amount of test buffer is dropped onto the sensing area of the device (oxide film), and the change in a conductance value noted. Also, SEM microscopy was employed to observe any change in the surface morphology of the samples after testing, and to obtain the average particle a= size of the film. Generally, conductimetric pH sensors rely on a change in the conductance/resistance of the sensing layer with exposure Temperaure (c) to liquid/gas under test. As a result, the DC characteristics of Fig. 3 . Temperature dependence of resistance for TiO thick films the films was examined to observe the correct operating conditions of the devices and to ensure that no breakdown takes place during testing. A DC voltage was applied to the In the case of the TiO thick films being investigated in this device and the resulting current measured. The results can be work, the TCR was calculated at 9459.377, thus verifying the seen in Fig. 2 . The current increases slowly at voltages below sensors resistance dependence on temperature variations. 2V and then rises exponentially.
From this experiment it was concluded that for any pH B. AC Characteristics of TiO Thick Films sensors fabricated using these TiO thick films, voltage must
The conductance of the sensors was measured at different be kept below the threshold value,
frequencies to obtain an understanding of the films behaviour
The response of the films resistance to temperature was also at elevated frequencies. Maissel and Glang [22] demonstrated investigated. The resistance of the device was taken at that the resistance of a lead sulphide (PbS) sample decreases predefined temperatures, which can be seen in Fig. 3 . rapidly upon reaching a threshold frequency. They attributed It can be seen from the data that the resistance of the the initial drop in resistance to intercrystalline capacitance, sensor is highly dependent on temperature. This fact has to be while the dramatic drop in value is due to the effective shorttaken into account when considering where these sensors are circuiting of the spaces between the grains at higher to be employed. It was possible to calculate the temperature frequencies. Fig. 4 shows the data obtained for TiO thick coefficient of resistance from the equation:
films.
As can be seen from the log-log graph, the conductance R -R remains relatively constant until 1 MhZ, after which a large TCR= xT T2 x1o0 (3) increase is observed.
R TAT
The data in Fig. 4 also yields some information regarding the conduction mechanism occurring in the film. Pollack and where RT1 is the resistance at temperature 1, RT2 is the Geballe [23] produced an equation to help identify the types resistance at temperature 2 and AT is the change in of conduction taking place in silicon samples, as in (4 The TiO thick films were initially viewed under SEM to bias was applied to the sensors and the conductance measured observe average particle size and surface morphology before using a Multimeter. Next, a 2V DC bias was used. It was exposure to pH solutions. Fig. 5 shows how the average noted that using this DC bias that the current through the particle is smaller than 20 ptm, and how the pores between the device could be measured for each of the buffers used. The particles appear larger after testing. This would explain the data generated can be seen in Fig. 7 , where the relative change increase in resistance as the gaps between particles becomes in current is plotted against the pH of the solution. The Io solution is applied to the sensing area. A set time is allowed for the film and the solution to interact. Initially, the resistance where IO is the current before application of test buffer and of the sensor was recorded with time to obtain the length of IpH is the current once the pH solution is applied to the sensing time required for this settling period.
area.
The current decreases in value once the solution is applied. Once the DC testing of the sensors was complete, AC testing was undertaken. The relative change in conductance
The material may however prove effective in disposable was recorded for frequencies of 100 Hz, 100 kHz and 700 sensors. By taking the data obtained at 100 Hz, the sensor was kHz to observe any differences in the interaction between tested over 3 cycles. In the first cycle, the sensor was exposed metal oxide and ions in test solution at different frequencies. to solutions of decreasing value (pH11 -pH2); the second cycle
The relative change in conductance is given by: the device was tested with solutions of increasing pH (pH2-11); and finally, the third cycle repeated the steps of the first AG GO-GPH cycle by using decreasing pH values. This method has the (6) advantage of checking for any possible issues with GO GO directionality that the sensors may display (i.e. does increasing pH value produce the same result as decreasing), as well as where GO is the conductance (measured in Siemens) before the checking for repeatability. The results obtained from this test solution is applied to the sensing area and GPH is the experiment are seen in Fig. 9 .
conductance once the buffer is applied. The repeatability of these sensors proved poor upon The results for the effect of pH on the conductance of the investigation. After the first cycle the results become noisy TiO film can be seen in Fig. 8 the film was again recorded and the relative change in It was also observed that the sensitivity of the sensor conductance (from the baseline value) was plotted against the decreases with increasing frequency. Therefore only DC or pH of the test solution (last used). Fig. 10 shows the results of low frequency electrical stimulus is useful for this application. this investigation.
An interesting trend is observed when the long-term effects of pH buffers on the TiO films are examined. The 2V DC bias E. Repeatability produces a similar result to that observed when the buffer is in Repeatability is an important property for any sensor. Without contact with the film. This would suggest that the DC bias repeatability, the material is not suitable for reusable sensors.
causes the ions to remain in close proximity to the metal oxide particle and interacts with it TiO thick films with the intent of exploiting them in conductimetric pH sensors. A good response to pH was recorded for DC biasing and low frequency AC biasing, indicating the suitability of TiO thick films for use in a conductimetric pH sensor. However, the repeatability of the sensors proved poor and thus limits the use of the films to disposable sensors. Also, the response time of the material is slow (120 seconds) which would make it an unpopular choice for use in conductimetric pH sensors.
